Abstract: A two step process has been developed for the fabrication of diffraction limited concave microlens arrays. The process is based on the photoresist filling of melted holes obtained by a preliminary photolithography step. The quality of these microlenses has been tested in a Mach-Zehnder interferometer. The method allows the fabrication of concave microlens arrays with diffraction limited optical performance. Concave microlenses with diameters ranging between 30 µm to 230 µm and numerical apertures up to 0.25 have been demonstrated. As an example, we present the realization of diffusers obtained with random sizes and locations of concave shapes.
Introduction
For the manufacturing of plano-convex microlens arrays, technologies like, reflow technique [1] , grayscale mask photolithography [2] or direct laser writing [3] are well established. The resulting photoresist lens pattern is transferred into the optical substrate like fused silica or silicon, by an additional dry etching step using reactive ion etching (RIE). For the manufacturing of arrays of concave microlenses, the situation is different. While some methods have already been described in literature with different type of material like PDMS or PMMA [4] [5] [6] , only few methods based on the control of the exposure threshold [7] or distribution [8] [9] exist to create concave lenses in photoresist. We now propose a novel technology for the manufacturing of high quality concave microlens arrays in this material. This method is based on a two steps photolithography process allowing the formation of highly accurate concave lens shapes ranging from diameters between 30 to 230 µm with diffraction limited properties. Arrays with fill factors up to 80% were realized. Theses lenses can be replicated using soft embossing techniques [10] [11] or could be transferred into fused silica substrates by dry etching. The simplicity of the method was a key point to respect. We tried to avoid additional etching or lift-off steps. Based on this fabrication principle, we also manufactured random diffusers by generating patterns of random locations and sizes of concave resist structures. For laser beam shaping, concave microlenses avoid generating local "hot spots" as convex microlenses do. This is an important advantage for high power laser applications. We first explain the basic principle of the fabrication process and pursue with a detailed explanation of the obtained results. We show that the method allows the fabrication of concave microlens arrays with diffraction limited optical performance. Concave microlenses with diameters ranging between 30 µm to 230 µm and numerical apertures up to 0.25 have been demonstrated. As an example, we present the realization of the diffusers obtained with random sizes and locations of concave shapes.
Basic principle
The manufacturing process is based on two steps. Cylindrical holes are produced by photolithography in a photoresist layer. The structures are then melted and hardened by a melting step performed at 150°C for half an hour. The resulting structures have a smooth surface profile as illustrated in Fig. 1 . Fig. 1 . Process flow. The first step shows a crossed section view of cylindrical holes resulting from a conventional photolithography process (spinning of AZ4562 photoresist, UV exposure through a mask with holes and development). During the second step the holes are melted at 150°C for half an hour. In the third step the holes are filled with AZ1518 photoresist during a second spinning step. To finish, the photoresist is dried in an oven at 80°C for 30 minutes. The concave profile obtained by the surface tension is then modified by the solvent removed in the final cure.
These melted structures are next filled by a second spinning step of resist. After a second bake at 80°C to remove the solvents, concave shapes are generated. Figure 1 shows the process flow. Because of the non-planar surface present during the second spinning step, the spin speed has to be slowed down to allow a homogenous deposition of the photoresist. Thus the final thickness of the photoresist layer is not anymore correlated to the spin speed, but rather to the quantity of photoresist filling the holes.
Methodology
A mask containing hole arrays of various diameters has been designed. Hexagonal and square packed holes with diameters in the range between 30 µm to 240 µm spaced by 10 µm were designed. Three additional zones were drawn on the mask with a randomly generated pattern of various hole diameters in the purpose of testing the idea of concave microlens diffusers. As a starting point, the thickness of this first layer on the glass wafer was fixed to 17 µm. To allow spinning of a second layer of photoresist, the first layer of photoresist is baked for half an hour in an oven at 150°C to make it less sensitive to solvent dilution. The melting of the first layer is illustrated in Fig. 2 with pictures of un-melted and melted holes. During melting some reflow of the photoresist structure from thin regions between holes to wider zones occurs [12] . The main consequence is, in general, a lower wall ((A) in Fig. 2 ) between two holes meaning a lower depth of the melted holes. To avoid this drawback a low reflow-sensitive photoresist (AZ4562) has been used. Moreover to reduce this melting drawback, some empty spaces ((B) in Fig. 2 ) were added to the design of the mask to obtain the same width of the walls everywhere in the photoresist. This effect is shown in detail in Fig. 3 . The interference measurements show the phase differences in the hole edges. Because of the too steep slopes of the walls no fringes are resolved. Nevertheless variations on the wall profiles are clearly distinguished. This effect is minimized when employing AZ4562 photoresist instead of AZ9260 photoresist. In the first case only slight deformations of the walls appear visible as dark and light grey modulations. In the second case several black fringes, corresponding to a stronger deformation, are observed. The sag height of these deformations depends on the array geometry. As an example, the height differences between the lowest and the highest part of the wall in Fig. 3 were 3.8 µm in the AZ9260 photoresist and 3 times less around 1.3 µm for the AZ4562 photoresist. The holes are then filled by a second step of spinning. To avoid inhomogeneous deposition of the second layer, some photoresist is poured on all the wafer before spinning occurs. Because of the presence of structures, the spin speed is not anymore correlated to the final layer thickness. In this case it seems correlated to the amount of photoresist left in the filled holes. After filling, the wafers are dried in an oven at 80°C for 30 minutes to remove solvents. At this stage concave shapes are obtained depending on the boundary conditions imposed by the melted holes, the surface tension of the chosen photoresist and the amount of solvent removed during the drying step. Fig. 3 . Illustration of the reflow occurring during the melting step of the first photoresist layer. Using a Mach-Zehnder interferometer two measurements (1) and (2) have been taken. They show interference fringes in the melted walls for two types of photoresist: AZ4562 and AZ9260. While in the first case only one fringe is seen from the lowest to the highest point on the walls more than 3 fringes are distinguished in the second case meaning deformations around 3 times more important.
To evaluate the quality of the resulting concave microlenses, a Mach-Zehnder interferometer was used. According to Marechal's criterion a Strehl ratio > 80 % defines the diffraction limit for lenses [13] . Figure 4 shows in detail the maximum diameter of the diffraction limited concave microlens that have been realized as a function of the spin speed of the second layer of photoresist. Because the master holes are slightly enlarged during the melting step (Fig. 1) , the considered concave microlenses have the same diameters that the nominal master hole diameters before the melting step. Fig. 4 . Results on the fabrication of concave microlens arrays. The curves show the maximum diameters of diffraction limited microlenses that could be obtained when varying the spin speed of the second layer of AZ1518 photoresist. Over this limit, the Strehl ratio of the concave microlenses drops down to values lower than 80%. The minimum diameters were arbitrary set when only one fringe could be solved on the interference measurements or when homogeneity problems happened. Square (quad) and hexagonal (hexa) packed arrays have been considered.
It is observed that diffraction limited concave microlens arrays could be produced for diameters in a range between 30 to 230 microns. The minimum achievable diameter was arbitrary defined when only one fringe could be solved (microlens depth > 1.264 µm). Down to this limit, homogeneity problems related to the resist filling of the holes occur. For diameters over 150 µm, diffraction limited microlenses are only achievable when the holes are almost filled, resulting in a nearly flat profile. The numerical aperture (NA) is then lower than 0.02. The numerical aperture can be modified by changing the spin speed and/or the dilution of the photoresist as seen in Fig. 5 and Fig. 6 . As an example square packed concave microlens arrays of pitch between 70 to 80 µm with a gap of 10 µm having NA from 0.07 to 0.14 have been realized (grey zone in Fig. 5 ). The differences observed in the results presented in Figs. 4-6 between square and hexagonal packed microlens arrays could come from the boundary conditions imposed by the geometry of the melted holes. The influence on the resulting meniscus shape of these boundary conditions is shown in Fig. 7 . Fig. 7 . 2D profile deformations from a sphere for increasing microlens diameters from 60 to 110 µm. The arrangement of the array is clearly seen in the deformations which occur at the four cardinals points for square packed array and at both sides of the three axis of symmetry for hexagonal packed microlens array. The first photoresist layer is 17 µ m of AZ4562 and the second layer of diluted (4:1) AZ1518 was spin coated at 360 rpm.
The figure shows RMS deformations from a sphere occurring for increasing diameters after deposition of the second layer (AZ1518 4:1 270 rounds per minute (rpm)). For diameters lower than 80 µm no significant deformations are visible (Strehl ratio ~ 96 %). For diameters between 80 µm and 100 µm deformations are clearly visible as well as their different locations for hexagonal and square packed arrays. In this experiment square packed microlens arrays are less sensitive to the boundary conditions. For diameters Ø = 100 µm the holes are not enough filled and after drying both (square and hexagonal packed) microlenses exhibit similar deformations. Figure 8 shows the profile formation of the concave shape in measurements performed on a constant microlens diameter Ø = 50 µm and for different spin speed experiments. Fig. 8 . Profile measurements of concave microlenses with Ø =50 µm (white area) obtained at 3 spin speeds of pure AZ1518. The vertical positions are set arbitrary. The anchoring point (i.e., the inflection point of the profile of the microlens) of the meniscus will depend on the filling of the holes. As it can be seen the distances (d 1 , d 2 , d 3 ) between the top part of the profile and the starting slope (α 1 , α 2 , α 3 ) of the meniscus decrease. At 830 rpm the meniscus starts within the hole and deformations appear at the edges as shown previously in Fig. 7 .
Because of the non-vertical walls surrounding the meniscus, the radius of curvature (ROC) of the realized microlenses changes in correlation with the fill rate of the holes. An important question is the homogeneity of the obtain results. For spin speeds higher than 2000 rpm some shadow effects of the structures, mainly coming from additional reference structures between the microlens arrays, are observable. For lower spin speeds the results are quite homogenous even if the tested wafers contained various structures in height and size. Figure 9 shows a homogenous array of several microlenses. The typical defects encountered during the fabrication process are illustrated in Fig. 10 . It consists in trapped air bubbles, dust particles, cracks in the second layer as well as local adhesion problems of the first layer. At very low spin speeds it is necessary to remove the photoresist at the edge of the wafer during the spinning to ensure a homogenous distribution of the second layer. The reproducibility of the experiment is closely linked to the quality of the photolithography of the first layer. Once the thickness, the parameters of the exposure and the development of the photoresist are kept constant, variations of less than 6% were observed on the focal length of the diffraction limited microlenses. The temperature, as well as the dilution rate of the photoresist used to fill the holes, are important parameters which have to be well controlled. Because of the required melting step in the fabrication process, the surfaces between microlenses are not flat.
Concave microlens diffusers
The diverging lens shapes offer the advantage of avoiding the formation of local "hot spots" (i.e. strong local intensity distribution) when illuminated. We used this property to realize diffusers in the perspective of beam shaping application for high power lasers applications. Moreover, in contrary to the case of microlens arrays, the smooth profiles of the areas between microlenses are interesting, because they reduce zero order transmission of the light. The hole pattern is shown in Fig. 11 . In the left part of the figure, the range of diameters varies from 100 µm to 300 µm (RCL 4). In the center part, the range of diameters varies from 70 µm to 160 µm (RCL 5) and from 160 µm to 500 µm (RCL 6) in the right part. Fig. 11 . Illustration of the three patterns of randomly distributed holes. The diameters of the holes were contained in ranges from 100 to 300 µm (RCL 4), 70 to 160 µm (RCL 5) and from 160 to 500 µm (RCL 6).
Using a Mach-Zehnder interferometer, the profiles of three different diffusers were measured and shown in Fig. 12 . Fig. 12 . 2D profiles of three realized diffusers. Because of the reflow occurring during the melting step of the first layer the zones between concave microlenses are no more flat and show a strongly reduced zero order transmission. The first layer is set to 17 microns and the second layer of pure AZ1518 has been spin coated at 200 rpm.
The typical depth of the resulting structures was around 15 µm. To avoid a strong zero order transmission of the diffusers, the main part of the holes must be filled to form concave shapes. Because of the large hole diameters (designed to ensure low diffusing angles), only very low spin speed fulfilled this condition. The diffusing properties of the random concave microlens diffusers have been analyzed using a goniometric setup. The results are shown in Fig. 13 . While most of the measured diffusers only scatter around 10% of the light intensity and have a strong zero order transmission, two diffusers (AZ1518 pure 200 rpm RCL 4 and RCL5) show a smooth distribution of the transmitted light with a cut-off angle around 4°. 
Conclusion
A two step method allowing the fabrication of diffraction limited concave microlens arrays has been demonstrated. Concave microlens arrays from 40 to 240 µm pitch with fill factor up to 80% were realized. Moreover by adjusting the process parameters of the photoresist a control of the numerical aperture NA is possible (from 0.07 to 0.14 for a microlens diameter of 70 µm). These lenses can be replicated using soft embossing techniques or could be transferred into fused silica wafers by dry etching. The fabrication process of concave microlenses has been successfully applied to the realization of diffusers. The diffusers generate a light distribution with 4° cut off angle and show almost no zero order transmission. 
